CdSe quantum dots have been prepared with different sizes and exploited as inorganic dye to sensitize a wide bandgap TiO 2 thin films for QDs solar cells. The synthesis is based on the pyrolysis of organometallic reagents by injection into a hot coordinating solvent. This provides temporally discrete nucleation and permits controlled growth of macroscopic quantities of nanocrystallites. XRD, HRTEM, UV-visible, and PL were used to characterize the synthesized quantum dots. The results showed CdSe quantum dots with sizes ranging from 3 nm to 6 nm which enabled the control of the optical properties and consequently the solar cell performance. Solar cell of 0.08% performance under solar irradiation with a light intensity of 100 mW/cm 2 has been obtained. CdSe/TiO 2 solar cells without and with using mercaptopropionic acid (MPA) as a linker between CdSe and TiO 2 particles despite a V oc of 428 mV, J sc of 0.184 mAcm −2 , FF of 0.57, and η of 0.05% but with linker despite a V oc of 543 mV, J sc of 0.318 mAcm −2 , FF of 0.48, and η of 0.08%, respectively.
Introduction
Nanocrystals or quantum dots (QDs) are currently a subject of intense research activity targeting a wide range of potential applications, including light-emitting diodes (LEDs) [1, 2] , photovoltaics [3, 4] , single-electron transistors [5] , and fluorescent tags for biological imaging [6, 7] . The utility of nanocrystals lies in their unique size-dependent optical and electronic properties, chiefly a size-tunable optical absorption and emission spectra [8] . According to these unique properties, the recent interest in utilizing semiconductor nanocrystals (or quantum dots) for harvesting light energy has drawn great attention toward metal-chalcogenide-based system [4, 9] . Of particular interest are CdX and PbX (X = S, Se, and Te) QDs, which have relatively small bandgaps and thus are capable of harvesting photons in the visible and infrared region [10] . These materials have been employed in three different types of quantum dot solar cells [11] : (i) metal junction solar cells, (ii) polymer hybrid solar cells, and (iii) quantum dot-sensitized solar cells (QDSCs). In the metal junction solar cells, charge separation is achieved at metal semiconductor interface upon visible laser excitation. The polymer hybrid solar cells utilize blends of conducting polymers (e.g., poly (3-hexylthiophene) ) and QDs to facilitate charge separation and charge transport. In the case of the QDSCs, excited electrons of semiconductor nanocrystals are injected into a large bandgap semiconductor such as TiO 2 or ZnO, and holes are scavenged by a redox couple [4] .
Research on the preparation of the QDs concentrates on the syntheses and characterizations of the monodisperse QDs, especially the studies of nucleation and growth mechanisms as well as the improvement of the luminescence quantum yields (QY). The most popular route to synthesize CdSe quantum dots is the method using organometallic compounds [12] : dimethylcadmium ((CH 3 ) 2 Cd) reacts with a selenium reagent in the presence of trioctylphosphine oxide (TOPO) surfactant at high temperature (300 • C). Careful control of reaction conditions produces CdSe quantum dots that are quite homogeneous in size and tunable in size from 2 to 8 nm. However, ((CH 3 ) 2 Cd) is extremely toxic, pyrophoric, unstable at room temperature, and explosive at elevated temperatures by releasing large amounts of gas. Because of these reasons, the (CH 3 ) 2 Cdrelated schemes require very restricted equipments and conditions and are not suitable for large-scale synthesis. In a recent development, Z. A. Peng and X. Peng [13] the use of less toxic and reactive cadmium oxide (CdO) with hexylphosphonic acid (HPA) or tetradecylphosphonic acid (TDPA), as an alternative to (CH 3 ) 2 Cd in TOPO syntheses of CdX.
In this paper, we chose different reagents as reaction media and low-toxic, air-stable inorganic reagents as precursors to synthesize CdSe QDs such as CdO instead of dimethyl cadmium and study the effect of solvent (TOPO & TOP) and the ratio of CdO to Se on the growth and the yield of QDs. Then use these CdSe QDs as sensitizer for TiO 2 nanoparticles prepared by Kashyout et al. 2010 [14] . TiO 2 films prepared by doctor-blade technique on ITO (14 Ω/ )/glass that prepared by Kashyout et al. 2011 [15] using sputtering technique. QDs linked to TiO 2 film by using 3-mercaptopropionic acid as a linker [16] .
Materials and Methods

Materials.
Cadmium oxide CdO (99.5%, Alpha), selenium powder Se (99%, Alfa Aesar), trioctylphosphine (TOP) (99%, Aldrich), trioctylphosphine oxide (TOPO) (99%, Aldrich), hexadecylamine (HDA) (99%, Aldrich), Stearic acid (SA) (99.5%, Aldrich), and 3-mercaptopropionic acid (MPA) (99%, Alfa Aesar).
Methods
Preparation of CdSe
QDs. This reaction procedure was originally reported by Z. A. Peng and X. Peng [13] . Figure 1 shows scheme for the preparation reaction of CdSe QDs. Se injection solution was prepared under nitrogen by mixing Se powder and TOP in a scintillation vial, which was capped by a rubber septum and fixed with two turns of Cu wire. After ∼30 min of heating (∼150
• C, on a hot plate) and vigorously stirring with a PTFE stir bar, the suspended Se became soluble to afford a light-yellow solution. The Se solution is allowed to cool to room temperature in the presence of nitrogen gas instead of air before injection into a heated Cd solution.
In a laminar flow hood, CdO and SA were loaded into a 3-neck round-bottom flask. The reaction flask is heated to 150
• C in air with a round bottom heating mantle. After ∼30 min, the reddish-brown slurry became optically clear indicating formation of cadmium stearate. To the hot reaction vessel, HDA and TOPO were added. The reaction flask was backfilled with N 2 and heated to 320
• C. At this temperature, the selenium solution was swiftly injected into the reaction flask.
Upon injection, the solution temperature dropped to 280
• C. The solution was maintained at 280
• C for the desired amount of time to reach the desired NC size. The roundbottom flask was then removed from the heating mantle and quickly cooled to ∼70
• C. CdSe QDs washed more than three times by using ethanol and acetone. Table 1 illustrates the different preparation parameters, which are used for the preparation of CdSe QDs. 2 Thin Films. The ITO/glass which is used as current collector (14 Ω/ ) [15] was first cleaned in water and then acetone using an ultrasonic bath for 15 min. A layer of TiO 2 paste was coated on the ITO glass plates by spinner coating method (wafer spinner machine (100 rpm, 2 min)), then allowed to dry in air and followed by heat treatment at 450
Preparation of TiO
• C for 30 min. This procedure with TiO 2 paste (coating, drying, and heat treatment) was repeated to get the appropriate thickness of about 10 μm for the working electrode. 
Fabrication of QDs/TiO 2 Solar Cells.
The counter electrode was placed directly on the top of the QDs/TiO 2 film, supported by the conducting glass sheet. Both electrodes were clamped tightly together. Drops of electrolyte (0.5 M LiI/50 mM I 2 in solvent of 3-methoxypropionitrile) and 0.5 M 4-tert-butylpyridine were added to the standard electrolyte solution in order to increase the stability of the electrolyte. The QDs/TiO 2 film was illuminated through the conducting glass substrate to measure the cell performance.
Characterization of CdSe QDs.
The structural properties of these organic species were confirmed by the powder X-ray diffraction (XRD) using (Shimadzu 7000, Japan) diffractometer, operating with Cu Kα radiation (λ = 0.15406 nm) generated at 30 kV and 30 mA. Scans were done at 4
• min −1 for 2θ values between 20 and 60
• . The morphologies and the crystallite size of TiO 2 nanoparticles were observed by high-resolution transmission electron microscopy (HRTEM) (JEOLJEM-2100F, Japan). To identify and characterize the organic species on the surfaces, the Fourier transform infrared spectroscopy (FT-IR) spectra were obtained using a Shimadzu FTIR-8400 S, Japan. The absorption spectra and their photoluminescence properties were characterized by means of LABOMED double-beam UV-Vis spectrophotometer with spectrum range from 190 to 1100 nm and using a Varian Cary Eclipse spectrofluorometer. Figure 2 : XRD spectra of CdSe samples using different growth rate. Figure 2 (S1, S2, S3, and S4) shows the XRD of CdSe quantum dots with different growth rates as shown in Table 1 . The XRD spectra of S1 and S2 exhibit clear peaks that confirm the wurtzite structure with (100), (002), (101), (102), (110), (112), (202), and (104) planes according to the JCPD no. 08-0456, but, for S3 and S4, it gives amorphous structure, which mean that, when the particle size became small, the sample loses its crystalline structure and transfers into amorphous structure.
Characterization of QDs
Results and Discussion
Structural Analysis.
The crystallite size of different samples can be determined from the broadening of corresponding X-ray spectral peaks by the Scherrer formula:
where L is the crystallite size, λ is the wavelength of the Xray radiation (Cu K a α = 0.15418 nm), K is usually taken as 0.89, and β is the line width at half-maximum height, after subtraction of equipment broadening. It was found that the crystallite size value of S1 and S2, is 4.5 and 4, respectively. Table 2 illustrates the effect of using different TOPO/TOP (wt/vol) ratio on the growth rate of the CdSe QDs. It was found that the growth rate of particles was decreased as the ratio of TOPO/TOP increases. Figure 3 shows the absorbance curve of different CdSe samples (S5, S6, and S7) prepared using different TOPO/TOP ratio. It was found that the absorbance peak for samples S5, S6, and S7 was shifted to lower value of wavelength with decrease of the particle growth rate. Table 3 illustrates the effect of using different CdO/Se molar ratios on the stoichiometry of CdSe QDs using the TOPO/TOP ratio value of 1 : 1. It is found that the atomic ratio of Cd/Se is 1.27, 1.42, and 1.32 for CdO/Se ratios of 1 : 1, 1 : 3, and 1 : 5, respectively. When increasing the CdO/Se ratio to 1 : 7, no reaction was occurred. This result indicates that controlling the Cd/Se ratio in the precursors affects the quantum dot chemicals properties with a small effect on their yield.
Energy dispersive X-ray analysis (EDX) indicates that the quantum dots are nonstoichiometric, showing a molar ratio of Cd/Se about 1.27 (sample S8) in Table 2 . This result is similar to the data previously reported by other authors such as Moreels et al. [18] and Taylor et al. [19] who found similar ratios between the metal M (Cd) and the counterion X (Se) in analogous systems for the PbSe QDs. Owen et al. [20] proposed a sphere-like structure for these materials, in which Cd 2+ ions are present on the QDs surface, which justifies the nonstoichiometry so that metal ions can easily interact with the molecules of a ligand shell by coordination [21] .
Morphological Analysis.
HRTEM reveals information about the particle size and shape. Figure 4 shows the HRTEM images of the S1 example for of CdSe quantum dots before is based on the fact that the solubilities of the un-reacted cadmium precursors used in the synthesis and the resulting nanocrystals were significantly different in a two-phase system, ethanol and octadecane. Figure 5 shows the HRTEM images of CdSe powder after purification. The particle size was determined to have value of 2-4 nm. These are consistent with the result of X-ray diffraction spectrum. Also, the nanocrystals were dispersed well, and no aggregation was detected. Figure 6 shows the FT-IR spectra of S1, S2, S3, and S4. CdSe QDs are soluble in toluene after purification. On the basis of the FT-IR data, the surface of the CdSe QDs is mainly coated with alkyl ligands. Flexible organic molecule such as phosphine alkyl ligands provides repulsive interactions between the QDs in toluene, thus preventing aggregation. Others show 3417 cm −1 at OH, 2360 cm −1 at PH3, 1464 cm −1 at CH 2 , 1155 cm −1 at P=O functional group [22] . Figure 7 shows the absorption and photoluminescence (PL) spectra (410 nm excitation) for different size of CdSe QDs (S1, S2, S3, and S4). For the absorption spectra, all CdSe samples clearly show the effect of quantum confinement. These particles exhibit absorption in the visible region with an onset corresponding to the particle size. The shift of the onset absorption peaks to higher wavelengths (506, 530, 543, and 577 nm) with increasing the particle size represents size quantization effects in these particles. According to the literature, Yu et al., 2003 , developed a theoretical method to calculate the QDs size using the position of first excitonic peak. The particle size of the different samples was determined using where D (nm) is the size of a given sample and λ (nm) is the wavelength of the first excitonic absorption peak of the corresponding sample. The calculated particle size crossponding to the wavelength of the excitonic peaks was 2.3, 2.9, 3, and 3.7 nm for samples S1, S2, S3, and S4, respectively.
Optical Analysis of CdSe QDs.
For photoluminescence spectra, CdSe samples with particle size of 2.3, 2.9, 3, and 3.7 nm were given emission peaks at 505, 547, 577, and 600 nm; respectively, it means that the peaks move toward the red end of visible region with the growth temperature which expected according to the literature. Figure 8 shows the calculated E g of S1, S2, S3, and S4 of CdSe QDs with different particle size. The band gap was decreased by 2.38, 2.28, 2.18, and 2.08 eV with the particle size increase of 2.3, 2.9, 3, and 3.7 nm, respectively.
The calculated diameter was used to determine the molar absorption (extinction) coefficient (ε) using
If the extinction coefficient of those nanocrystals was calculated, it would be easy to obtain the concentrations of the nanocrystals by simply taking an absorption spectrum of the sample and using Lambert-Beer's law
where A is the absorbance at the peak position of the first exciton absorption peak for a given sample. C is the molar concentration (mol/L) of the nanocrystals of the sample. L is the path length (cm) of the radiation beam used for recording the absorption spectrum. Unlike conventional organic and inorganic compounds, the concentration of colloidal nanocrystals is difficult to determine by gravimetric methods. Because the number of ligands on the surface of nanocrystals is quite difficult to identify and may also vary significantly under different conditions, measurements solely based on gravimetric methods using ligands-coated nanocrystals are accurate only when the interactions between nanocrystals and ligands are sufficiently strong to withstand necessary purification procedures [23] . Therefore, the absorption spectrum method in many cases is the most practical and convenient way to determine the particle concentrations, if it is not the only possible way as shown in Table 4 .
I-V Curve of CdSe/TiO 2 Solar Cell.
For the fabricated solar cell using S1 CdSe QD, the efficiency (η) is calculated as η = J sc V oc FF/I 0 , where I 0 is the incident irradiation power, J sc is the short-circuit current density (current density corresponding to V = 0), V oc is the open circuit voltage (voltage corresponding to J sc = 0), and FF is the fill factor. Figures 9(a) and 9(b) show the I-V curve of two CdSe QDs/TiO 2 solar cells without and with using of MPA as a linker between two semiconductors (TiO 2 and CdSe) is used to enhance the adsorption of CdSe QDs on the surface of TiO 2 particles and facilitate the charge transfer process from CdSe QDs to TiO 2 which enhances the solar cell efficiency [17] . Simulated AM1.5G solar irradiation with a light intensity of 100 mW/cm 2 was obtained. It was found, QD solar cell without using linker despite a V oc of 428 mV, J sc of 0.184 mAcm −2 , FF of 0.57, and η of 0.05% but with linker despite a V oc of 543 mV, J sc of 0.318 mAcm −2 , FF of 0.48, and η of 0.08%.
Conclusions
Our results indicate that CdSe nanocrystals prepared by the common pyrolysis method have an average Cd/Se stoichiometry about 1.27 and the stoichiometry is independent on the initial Cd/Se ratio in the starting material. The results also showed CdSe quantum dots with sizes ranging from 3 nm to 6 nm which enabled the control of the optical properties and consequently the solar cell performance. Open-circuit voltage of 0.54 V, short-circuit current density of about 0.5 mA/cm 2 , and high fill factor of 0.57 are obtained, which are good results that should be improved through.
